The many-body system comprising a He nucleus, three electrons, and a positron has been studied using the exact diagonalization technique. The purpose has been to clarify to which extent the system can be considered as a distinguishable positronium (Ps) atom interacting with a He atom and, thereby, to pave the way to a practical atomistic modeling of Ps states and annihilation in matter. The maximum value of the distance between the positron and the nucleus is constrained and the Ps atom at different distances from the nucleus is identified from the electron and positron densities, as well as from the electron-positron distance and center-of-mass distributions. The polarization of the Ps atom increases as its distance from the nucleus decreases. A depletion of the He electron density, particularly large at low density values, has been observed. The ortho-Ps pick-off annihilation rate calculated as the overlap of the positron and the free He electron densities has to be corrected for the observed depletion, specially at large pores/voids. * asier.zubiaga@aalto.fi 1 arXiv:1202.6477v1 [physics.atm-clus]
I. INTRODUCTION
The o-Ps atom is the bound state of an electron and a positron with total spin S = 1. In vacuum o-Ps has a relatively long lifetime of 142 ns because its annihilation via the fast twogamma channel is prohibited by the conservation of the angular momemtum. Annihilation through the two-gamma channel with an electron of the matter having an opposite spin is possible when o-Ps interacts with matter. The resulting pick-off annihilation depends on the overlap of the o-Ps with the electron density of the matter and it can reduce the positron lifetime remarkably [1] . In metals and semiconductors the electron density is enhanced around the positron due to the attractive electron-positron interaction. This means that a Ps-like quasiparticle is created by the short-range screening of the positron by the electron cloud. In molecular matter and in some insulators such as SiO 2 , the electron density is low in the interstitial regions and a Ps atom can be formed [2] . In this case the electron accompanying the positron hinders efficiently further screening of the positron by electrons in the matter. On the other hand, there is a finite overlap between the positron and the electrons of the material manifesting itself as the repulsive Pauli interaction and as the pick-off annihilation of o-Ps.
The pick-off annihilation lifetime spectroscopy of orto-Positronium (o-Ps) has a rather unique role as a method capable to study open volumes in soft or porous materials in which Ps is formed. Size and density distributions of nanometre-scale voids in polymers [3] , porous SiO 2 [4, 5] , and biostructures [6, 7] have been estimated by measuring the pick-off annihilation rate of o-Ps. However, in order to make a reliable quantitative analysis of the experimental results, one should be able to model o-Ps states and annihilation in these structures with predictive power.
In contrast to an atom where the nuclear degrees of freedom can, to a good approximation, be treated classically, both the electron and the positron in the Ps atom are light quantummechanical particles and the non-adiabatic correlation effects have to be taken into account.
For positrons in dense materials, such as metals and semiconductors, a good starting point is a separate calculation of the quantum-mechanical state of a single positron [8] . In practice, this calculation is based on the results of many-body theories for a delocalized positron in a homogeneous electron gas. The nature of the Ps atom would call for a quantum-mechanical many-body calculation of the interacting electron-positron system in the Coulomb field of nuclei. In the case of materials systems, this is clearly beyond the present computer capacity.
An attractive starting point for modeling Ps is to consider it as a distinguishable particle also when it is interacting closely with matter. This is in line with the view of a long-living o-Ps interacting with matter and annihilating through a pick-off process.
The above-mentioned model of the Ps atom interacting as a single particle with matter finds support also from experimental and theoretical studies of Ps scattering off atoms and light molecules. Recently, the scattering of Ps off noble gas atoms and light molecules has been measured using a slow mono-energetic Ps beam [9] . The scattering properties of Ps have been seen to be dominated by the repulsive electron-electron Pauli interaction at short distances. At long distances the van der Waals attraction may play a role, especially in interactions with molecules of high polarizability.
The positronium Hydride (HPs) bound state has been observed experimentally by Schader et al. [10] and its binding energy has been estimated to be around 1.1 eV (0.04 Ha).
The bound states of Ps with several small atoms have been studied theoretically using Exact Diagonalization techniques. The most carefully studied system is HPs [11] [12] [13] , which has been found to form a bound state with a binding energy of 0.039 Ha, in good agreement with the experimental value. LiPs [11, 14, 15] and NaPs [11, 15] Mitroy and Ivanov have studied the scattering of o-Ps off rare-gas atoms and alkali metal ions. [17, 18] They determined the scattering lengths for wave vectors up to 0.5 a −1 0 corresponding to the Ps energy of ∼1.7 eV. Besides rare-gas atoms, also molecules have small electron affinities. They typically have HOMO-LUMO gaps of up to 1 Ha and their electrons are well localized in molecular orbitals. In polymers and biomolecular materials, the main cohesive interaction between the molecules is the van der Waals interaction and their molecular orbitals are not greatly affected. Individual molecules still show HOMO-LUMO gaps and the repulsive Pauli interaction between electrons in neighboring molecules plays a role. On the other hand, the van der Waals interaction between the molecules and Ps can also be strong, especially for molecules of high polarizability.
A model widely used to study Ps in small pores and voids (< 2 nm) is that developed by Tao and Eldrup [19, 20] . The semi-empirical model relates the Ps lifetime and the pore/void radius. Ps is considered as a single particle and the pore/void is modeled using a spherical, cubic or elliptic infinite potential well. The electron density of the material enters the void and forms a layer of the thickness ∆R on its surface. The pick-off annihilation rate is calculated from the overlap of the positron density with the electron density of the material. The parameter of the model, ∆R, is not well known for all the materials and its chemical dependence cannot be described. In addition, the model assumes compact pores inside the material. The model has been extended to larger pores including the annihilation with excited particle-in-a-box states distributed according the Boltzmann distribution at a finite temperature. [21] Schmitz and Müller-Plathe [22] introduced an atomistic model to describe Ps states and annihilation at voids in polymers. The potential landscape for Ps is based on the superposition of interactions between the Ps atom and individual atoms. These interactions, in turn, include the long-range van der Waals interaction based on the polarizabilities of the Ps atom and the atoms in the polymer and the short-range Pauli repulsion between the electron in the Ps atom and the electrons of the material. The latter interaction is described by fitting to experimental scattering cross sections. The Ps wave function corresponding to a given finite temperature is solved for by the path integral Monte-Carlo method and thereafter the pick-off annihilation rate is calculated as the overlap of the positron density with the electron density which is also obtained as a superposition over the atoms.
Our final goal is the atomistic modeling of a Ps atom interacting with molecular materials so that the necessary approximations made and the model parameters chosen are based on ab-initio results. Studying theoretically the HePs system will help to understand several aspects in the properties of Ps also in molecular solids and liquids. This is because in molecules electrons are also in a closed shell configuration and a HOMO-LUMO gap sets the minimum energy necessary for an extra electron (of the Ps atom) to enter into the electron cloud of the molecule.
The similarities between molecules with HOMO-LUMO gaps and closed-shell rare gas atoms in mind, we have calculated the many-body wavefunction and the total energy of the unbound HePs system by the exact diagonalization technique using a explicitly correlated Gaussians basis optimized by a stochastic variational method (ECG-SVM). In order to study the interaction of a Ps and a He atom at finite distances, the mean distance of the positron from the nucleus has been constrained. As a result, a set of configurations has been considered with the nucleus-positron mean distance ranging between 1.87 a 0 and 91.90 a 0 .
Electron and positron densities, interaction energies and annihilation rates have been calculated and analysed in order to clarify to which extent the picture of the distinguisable Ps particle can be applied.
II. STOCHASTIC VARIATIONAL METHOD AND THE MODELING OF THE HePs SYSTEM
We have described the N -particle system comprising the heavy nucleus (treated as a single particle), light electrons and the positron by the non-relativistic Hamiltonian
where p i , m i , and q i , are the momenta, masses, and charges of the particles, respectively, r ij is the distance between the i th and j th particles, and T cm is the center-of-mass (CM) kinetic energy. The wavefunction is written as a linear combination of properly antisymmetrized explicitly correlated Gaussian (ECG) [23] functions as
where A is an antisymmetrization operator and χ SM s is the spin eigenfunction witĥ The trial values are obtained choosing values between a certain minimum and maximum using a random number generator.
SVM can be also used to study unbound systems setting boundaries to the possible values of the non-linear parameters A i µν , i. e. increasing the minimum value the particles can be prevented to separate to the infinity [17] . The configurations with the lowest energy are searched for within the available parameter space, i.e., the energy is minimized within a constrained parameter space. In order to model the interaction between He and the Ps atom at different distances it is enough to set a constraint only to the non-linear parameter A i µν corresponding to the nucleus-positron pair. Thus, the size of the parameter space available for optimizing the wavefunction is not seriously restricted. The nucleus-positron distance parameter l He−p corresponding to the maximum of the non-linear parameter,
2 , is varied between 1 and 50 a 0 . The wavefunction and the total energy of the HePs system are then calculated for each constrained He-Ps distance. Due to practical reasons, the nucleus-electron distance parameter l He−e also has to be limited. We have checked that using l In order to study the many-body wavefunction of the system, the positron (ρ p (r) = Ψ|δ( r p − r N − r)|Ψ ) and electron (ρ e (r) = Ne i=1 Ψ|δ( r i,e − r N − r)|Ψ ) density distributions are plotted. Above, r N is the position vector of the nucleus and the index i runs over all the electrons N e . The e-p pair correlation function is calculated as
The distribution of the electron-positron (e-p) CM is defined as
where r 
where r 0 is the classical electron radius and c is the speed of light. The summation runs over all the N e electrons.
III. RESULTS & DISCUSSION
Before discussing the main topic of this work, the identification of the Ps atom within the HePs system, we will shortly consider the energetics of the HePs system. The interaction energy E I of HePs is defined as the difference between the total energy of the interacting system and the sum of the energies E He and E P s of the isolated He and Ps atoms, respectively, i.e., E I = E HeP s − E He − E P s . E P s =-0. Figure 1 also shows the decomposition of the interaction energy to the kinetic and poten-tial energy contributions. They are defined similarly to the total interaction energy. E Kin is the main contribution to the interaction energy at distances shorter than 10 a 0 , mostly due to the confinement of Ps and its small mass. E P ot is always positive and at very short distances (< 4 a 0 ) it grows very fast.
The calculated mean distances of electrons r e , the positron r p and the electronpositron CM r CM e−p from the He nucleus are shown in Fig. 2 as a function of the nucleuspositron distance parameter l He−p corresponding to the confinement of the system. The mean distances grow monotonously because HePs is ultimately unbound. The fact that r e increases with r p is an indication of the formation of Ps. At l He−p < 5 a 0 , r e saturates to a value of 2 a 0 because the electron of Ps does not penetrate into the He core. On the average, it stays at ∼ 4 a 0 from the nucleus (see figure 4) . On the other hand, r CM e−p continues to decrease because the positron keeps being confined. Using r p and assuming that the Ps atom is not polarized, r e can be approximated [25] as the sum of two thirds of the mean electron distance in the He atom of 0.93 a 0 and one third of the mean positron distance r p (blue line in figure 2 ). The agreement with the r e calculated from the many-body wavefunction is very good when r p is larger than 7-8 a 0 (or the nucleus-positron distance parameter l He−p is larger than 4-5 a 0 ). For smaller l He−p values the actual r e is larger than the estimated one which reflects the polarization of the Ps atom when approaching the He nucleus. The difference can actually be taken as a measure of the polarization (see figure 3) . For r p =20 a 0 the polarization parameter is very small (∼6×10 −3 a 0 ). The polarization starts to increase when r p is below 10 a 0 and at 4 a 0 its value is ∼0.2 a 0 , i.e., 10% of the electron-positron mean distance for an isolated Ps.
The maximum value of the polarization parameter is 0.8 a 0 when the interaction energy is 0.44 Ha and Ps is actually unstable against dissociation. According to our calculations, the smallest stable configuration corresponds to r p ∼ 2.9 a 0 and a polarization parameter of ∼0.45 a 0 . Figure 5 shows the radial electron-positron correlation distribution for the four HePs configurations and for the isolated Ps atom. The distribution is calculated from equation (3) and it is normalized to the total number of electrons. When r p = 3.4 a 0 , the electron-positron pair correlation function shows a single peak but when r p is above 5 a 0 a second peak starts to appear, as a shoulder, at 2 a 0 . The shape and the magnitude of the second peak approach clearly to those for the isolated Ps atom and it corresponds to the electronpositron correlation inside the Ps atom. The second peak follows the positron distribution when it recedes from the He nucleus and it corresponds to the correlation between the positron and the electrons of the He atom. However, even at 8.5 a 0 , the interaction between He and Ps affects the electron-positron correlations and the appearance of the Ps atom is not so clear-cut as in the electron distribution in figure 4 . 
The free He electron density is from a SVM calculation and the factor one half reflects that only one electron in He annihilates with the positron. Γ po ov is widely used to calculate the pick-off annihilation rate of o-Ps [26] . With increasing nucleus-positron mean distance, it In contrast to a positron in an electron gas, where the positron-electron contact density is enhanced [8] , for Ps interacting with He the many-body effects induce a depletion of the contact density. The electron in Ps screens the charge of the positron and the electron-electron Pauli repulsion further decreases the contact density at the positron position, specially at low electron density values. Thus, in strongly confined systems the contact density is relatively weakly affected, but in weak confinement it is strongly depleted. Γ po ov needs to be corrected for this effect specially when calculating the annihilation rate in large voids or pores, where the contact density is small and the annihilation rate is largely overestimated. 
IV. CONCLUSIONS
We have been interested in to what extent a separate Ps atom can be distinguished in a close interaction with a He atom, i.e., when the volume of the HePs system is constrained. electron and positron mean distances from the He nucleus, electron and positron densities, as well as electron-positron pair correlation function and center-of-mass distribution show the formation of a Ps atom that is weakly polarized until the mean He nucleus-positron mean distance r p is shorter than ∼5 a 0 . At shorter distances the Ps atom also forms but it is strongly polarized. The most clear-cut evidence is given, simply, by the electron and positron densities shown figure 4 . There, the electron density can be decomposed into the He and Ps atom components and the positron density overlaps well with the electron density.
Even at r p ≈ 5 a 0 the positron-electron contact density is still high, ∼93 % of that in the free Ps atom, and the polarization parameter indicating the imbalance of the electron and positron densities in the Ps atom is small, 0.2 a 0 .
The above notions for the HePs system, generalized to molecules, supports the possibility to use a practical single-particle description for o-Ps in molecular materials. Many-body calculations could be used to define pairwise atom-Ps potentials which could form the basis for the calculation of the Ps energy landscape in the material and obtain, subsequently, its distribution and pick-off annihilation lifetime. In that respect, the above-mentioned findings about the relative depletion of the contact density, will simplify the reliable estimation of the pick-off annihilation rate. 
